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ABSTRACT

An experimental evaluation was conducted on a regenerable two-bed
carbon dioxide removal system which utilized an organic amine sorbent,
This sorber formulation absorbs CO2 in the presence of HEO vapor and thus
does not require pre-drying the gas stream.

The primary objective of the test program was to relate the system
performance of CO2 removal rate, power, and water carry-over with CCE
during regeneration to the operating parameters of air-flow rate through
the bed, absorption-regeneration time, and bed cooling and heating rates.
A1l other operation conditions were held constant. The Box-Wilson com-

posite design was used in the experiment design, and to generate quadratic

equations relating system performance to the operating conditions.
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SUMMARY

An experimental evaluation was conducted on the regenerable two-bed
carbon dloxide removal system originally designed, fabricated and delivered
to NASA, Langley Research Center on NAS1-2915. The system was returned to
GARD for testing in July -1968. The solid absorbent is an organic amine
formulation which absorbs 002 in the presence of H20 vapor and this does not
require pre-drying the gas stream.

The primery objective of the test program was to relate system performance,
i.e., CO2 removal rate, power required and water carried over with CC@ during
regeneration to various operating conditions. The operating conditions variea
in testing were air-flow rate through the bed, absorption-regeneration time,
and bed cooling and heating rates. All other operation parameters were held
constant. The Box-Wilson composite design was used to design the experiment
and to generate quadratic equations relating system performance to the operating
conditions.

The equations developed can be used to determine the optimum CO2 removal
capacity within the range of test conditions and based on total system
weilght penalty, when appropriate power, heating, and cooling penalties are speci-
fied. In addition the effect of specific mechanical design characteristics
(heat transfer effects) were observed. The developed equations and the
observed mechanical characteristics can be utilized to design an advanced
system using this amine absorbent or to compare the present system to other
CO2 removal systems.

Other objectives achieved during this program were to perform a continuous
duration test of at least 48 hours, to determine the effect of operating the

system under off-design conditions; and to determine the effect of total operating

time on the ability of the sorbent to maintalin CO2 absorption capacity.
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FOREWORD

This report summarizes the work accomplished under Contract NAS1-8360
for testing of the GAT-0-SORB carbon dioxide removal system. This work
was initiated on 24 July 1968 and completed on 29 May 1969. The program
was performed by the General American Research Division of the General
American Transportation Corporation, T4l9 Natchez Avenue, Niles, Illinois
60648. The work was monitored by Mr. Rex Martin, National Aeronautics and
Space Administration, Langley Research Center, Langley Station, Hampton,
Virginia 23365. *

The work reported herein was performed by personnel within the
atmospheric Control Sectiens of GARD's Chemical and Life-Support Systems
Group, under the direction of Mr. J. D. Zeff, and supervision of Mr. G. A.
Remus; Mr. A. J. Glueckert served as project engineer and Mr. J. E. Kane as
technician. Dr. F. Ozkan, statistician, assisted in the data analysis and

computer programming.
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SECTION 1

INTRODUCTION

The removal of metabolic carbon dioxide is a necessary part of environ-
mental control. To accomplish 002 removal in a weightless state and to avoid
complicated phase separation techniques it is desirable that the sorbent be
in the form of a solid. A regenerable absorbent which utilizes ansémine was
developed to meet this need by the Research Division of the General American
Trangportation Corporation.

The absorbent was originally developed for C02 removal by GARD in 1962,

After feasibility of the absorbent for CO2 removal in an environmental control
system was demonstrated, GARD designed and fabricated a 2 man cépacity prototype
CO2 removal system. A photograph of the system is shown in figure 1.

In this eyclic two-bed system, one bed absorbs CO2 from a flowing air-
gtream while the other is being regenerated simultaneously by heating under moderate
vacuum. Heat is transferred into and out of each bed by a liquid circulated
through in-bed heat exchangers.

After the system was delivered to and:tesdted by NASA it was returned to GARD
for further testing. Under the present program, the effect of operating con-
ditions on CO2 removal capacity, water carry over, and power were determined
and polynomial expressions relating the performance characteristics to the
operating parameters were developed.

To obtain the best CO2 removal system for a given application, all

candidate systems must be evaluated on a comparable basis. Usually this is

done on a weight basis which includes basic system welght, weight of spares

GENERAL AMERICAN RESEARCH DIVIBION
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necessary to provide a chosen degree of ieliability, and equivalent weight
penalties for power, heal absorption, or heat rejection.

In order to obtain input information for evaluating the GAT-O-SORB systém
so that it can be compared to other systems , empirical polynomial expressions
were developed which relate response characteristics to operating conditions.
The polynomials do not furnish optimum operating conditions because no
penalties are assigned for spares, power, water carryover, heat absorption,
or heat rejection. If penalties were assigned, the polynomials would lead
toward optimum operating conditions within the range that tests were conducted.
Also the polynomials furnish design inputs which can be used for: an- advaneced

model of the GAT-O0-SORB systen.

CENERAL AMERICAN RESEARCH DNVIBION



SECTION 2
BACKGROUND
The amine process for carbon dioxide removal has several important
advantages over_other types of regenerable 002 removal processes. These
advantages are 1) the ability bo absorb CO2 or other acid gases from a gas
mixture without prior dehumidification of the gas stream, and 2) the ease of
regeneration of the GAT-O-SORB absorbent when compared to other sorbents of

the same absorption capacity.

2.1 Chemistry of Absorption and Regeneration

In the absorbing system carbon dioxide combines with the amine in the
presence of water. An airstream with a L5°F dewpoint contains sufficient
moisture for the reaction to proceed. In normal operation both water and
carbon dioxide are removed from the gas stream during absorption.

During regeneration the carbonagted absorbent‘separates into rejuvenated
absorbent, carbon dioxide, and water vapor. The temperature and pressure of

regeneration affect the relative amounts of CO

5 and HEO desorbed. Since it

may be desirable to minimize water carry-over the amount of water desorbed
was measured as a system performance characteristics

2.2 Prototype Model

The prototype model which was built under contract NAS1-2915 and used
for this program was shown in Figure 1; +the flow schematic 1s shown in Figure 2.
The system contains 2 beds which alternate between absorption and regeneration
modes. Each canister contains 15 pounds of GAT-0-SORB and the total weight
of the system is 93 pounds. The gystem is contained within an envelope 19

inches x 2L inches x 33 inches. An additional control module is furnished so

5
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that the system can be tested in an environmental chamber, and parameters
such as cyéle time or bed preecool’. time can be changed without entering the
chamber.

As shown in Figure 2, system operation is dependent upon three flow
loops: +the main éir—stream absorption loop, the vacuum regeneration loop,
and the heat transfer liquid loop.

In the air loop the system blower circulates chamber air through a
four way air/vacuum control valve and into the absorbing bed. In the absorbent
bed carbon dioxide and water are removed from the air stream; Cog—free air is
returned to the chamber.

In the vacuum loop, a vacuum pump is connected to the four way air/
vacuum control valve. This valve connects the pump to the inlet of the bed
in the regeneration modé. A check valve at the outlet of each bed isolates the

bed during regeneration. The pump evacuates the bed and discharges the desorbed

CO, and H

o 0 for collection or disposal.

2
In the heat trénsfer ligquid loop, 50°F water passes through a four- way
liguid wvalve into a heat exchanger within fhe absorbing bed during the absorption

mode. The water cools this bed down from its regeneration temperature to the
60-80°F range. required for efficient absorption. After exiting the absorbing
bed the water, which has picked up heat, is further heated to 180°F with an
electric heater. The 180°F water passes through the heat exchanger in the
regenératiﬁg bed and heats'the sorbent. The water then leaves the regenerating
bed at a lower temperature and exits the system through the four-way liguid
valve. The water is then cooled to SOBF and returned to the absorbing bed to
complete the loop. In actual testing,discharged water was discarded, and fresh

tap water was used continuously.

GENERAL AMERICAN RESEARCH DIVIBION
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The four-way air/vacuum valve and the four-way liquid valve are synchronized
so that the liquid is directed to the proper bed at the proper time. To provide
a period for precooling : the bed going into the absorption mode, the cooled heat-
transfer liquid is directed into the bed heat-exchanger before the air stream
is allowed to enter the bed. This interval is designated as "precool  time".

2.3 Original Test Program

After the GAT-0-SORB unit was fabricated in 1964, the canisters were
filled with absorbent and a series of tests were run 1) to verify that the
system was operational, and 2) to obtain an approximation of the average C02

removal rate, water loss, and power requirements. The system was delivered to
NASA IRC for further testing, thén the'systemn was retirnad to GARD
iin Adgust 19685 ¢ R S
The original test program was run in the laboratory under ambient conditions.
Carbon dioxide was fed to the inlet of the gystem blower at a rate which main-

tained the inlet CO, concentration at 1.0 percent. Inlet humidity varied

2

according to ambient conditions.
The system was operated through 91 cycles during twenty-two different

runs as shown in table 2. The parameters which were varied included CO, concen-

2

tration, coolant water flow rate, coolant water temperature, inlet air tempera-

ture, cycle time, and bed pre-cool time. The maximum average CO, removal rate,

2
0.41 1b per hour occurred when the CO, concentration was 1.0%, water flow 4 gph,
water temperature 85°F, air temperature 79°F, cycle time 30 minutes and zero bed

pre-cool time. During all tests the air flow rate was 14 cfm.

CENERAL AMERICAN RESEBEARCH DIVISION
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Table I.. TEST RESULTS IN ORIGINAL PROGRAM (196.)

Feed Wate :
Run | Comp. F‘;Zwr 'VI‘I:;;T ‘1“:15:.1;. Relii;‘ve g}i::ie P;:;ZOZL R 002 gii:r Coﬁzsiiiis Heﬁz:ugower Total
No. - Rate Humidity emoval Ratio Power Per Man

co, _gph F °F % Minute |Minute | oth . 1p/nr | ool v/ O peater - %Z-%ziw Yol
1 1 3 75-80 90 4o 30 2 1.93 0.235 0.315 288 —-
2A 1 3 75-80 80 38-43 2 2.69 0.330 0.281 ——
2B 1 3 80 80 39 b 2.45 0.294 | wemen -
3 1 5 75-85 75-TT 50 2 2.71 0.325 0.50 .
kA 1 2.75 75-85 78 50-63 0 2,k5 0.294 | —oeee 154 252
B 1 0.85 85 -- - 0.975  0.117 | =---- 160 306
ke 1 1.95 85 78 k2 1.97 0,236 |  —eeee 125 248
4p 1 4. 05 85 9 43 3.45 o7 | —-em- 163 232
5 1 2.0 65 81-82 hi-h2 J 1.6h4 0.200 0.150 175 319
6 1 0.8-1.0 66-72 79-80 48.51 20 0.42 0.052 0.115 3k0 916
7 1 4.0 68-75 82-85 43 40 3.10 0.38L 0.453 185 28p
8 0.5 k.0 60-70 77-80 35-41 20 1.25 0.153 0.520 Lhys 633
9 0.5 1.0 68-78 78-83 35-50 20 0.45 0.051 0.20 L67 1042
10 0.5 2,0 61-69 85-87 33-35 30 1.25 0.153 0.28 262 450
11 0.5 1.0 71-78 78 ] Lo 0.0b 0.005 |Very High Very High -
12 2,0 2,0 59-8k 77 Lo-43 30 3.10 0.382 0.10 118 19h
13A 1 2.0 56-63 7 Lo-he 30 ] 2,08 0.256 0.218 165 o7€
13B 1 2.0 56.63 77 ho-L2 30 2 2,28 0.280 K 1hh 2k
1h 1 2.0 80-87 77 2 30 0 NO TEST RESULT$ - MECHANICAL| DIFFICILTY
15A 1 2.0 70 90 Approx. 50 30 2.89 0.356 |  —emew 11k 195
15B 1 2.0 90 90 Approx. 50 30 2,03 0.250 |  —==-- 154 269
15¢ 1 2,0 11h 90 Approx. 50 30 1.62 0.200 | ~mme- 175 319
15D 1 2.0 80 90 Approx. 50 30 \J 2.33 0.287 [ ----- 4 115 215

TOTAL NUMBER OF CYCLES RUN —> 91




For most tests run at an inlet 002 concentration of 1.0 percent
(pco = 7.6 mm Hg) the CO, removal rate ranged from 0.2 to 0.3 1b per hour.
2
When the inlet CO2 concentration was decreased to 0.5 percent @CO, = 3.8 mm Hg)

2

the C02 removal rate decreased to a maximum of 0.15 1b per hour.

GENERAL AMERICAN RESELARCH DIWVIBION



SECTION 3

SYSTEM TESTING

Under the present program the GAT-0-SORB Carbon Dioxide Removal System
was tested to determine the relationship between system performance characteristics
and varied operating conditions.

3.1 Performance Characteristics

The system performance characteristics that were measured were:

1. Average CO, removal rate, 1b Cog/hr

2
2. Water carry-over during regeneration, 1b HEO/lb CO2
3. System power, kwhr/lb 002

The average CO2 removal rate was determined by dividing the weight of
002 absorbed during a cycle by the length of the absorption period, i.e.,
cycle time. The weight of CO2 absorbed was derived from the automatic 002 feed

system which continuously maintained the 002 partial pressure at a fixed level
‘of 7.6 mm Hg (Test Plan 1) or 3.8 mm Hg (Test Plan 2).

Water carry-over was determined by weight analysis of the total desorbed
CO2 and water vapor mixture for the complete series of cycles in a test run.

Power was measured directly, indicating the integrated input for the
electric heater, air blower, and controls, for the complete series of cycles
in a test run.
3.2 Test Plan

To determine system performance characteristics, the operating conditions
were varied according to values established by the Box Wilson composite design.

A detailed description of system instrumentation used in measurements and

performance observation is shown in appendix B.

CENERAL AMEBMIAN RESEAMOKM DIWVIBIDN
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3.2.1 Selection of Operating Conditions

The primary operation parameters specified in the contract are
cycle time, precool time, coolant flow rate and air flow rate.

Because the Box Wilson Central Composite design was the test plan selected,
five levels of each parameter were tested to furnish-2 factorial points, 2 star
points, and a center point. Previous experience and system design, i.e., fan
size, heater size, and coclant pump capacity delineated the testing range of the

parameters. The levels selected for each parameter were:

Cycle time; 10, 20, 30, 40, 50 minutes
Precool time; 0, 1.5, 3.0, 4.5, 6.0 minutes
Coolant flow; 1,2, 3, 4, 5gph

Air flow; 6, 8, 10, 12, 1k cfm

Cycle time was the length of time for absorption or for regeneration.
The time of absorption was concurrent with aﬁd equal to the time of regeneration.

Precool time was the time elapsed between the start of cooling of the
absorbing bed and the starting of air flow through the absorbing bed. The
purpose of this delay was to précool the bed being transferred from the
regeneration mode to the absorption mode before air was blown through the bed.

The heat transfer liquid rate is the volumetric liguid rate through the
in-bed heat exchangers in the absorbing and regenerating beds.

Air flow rate is the volumetric flow of air through the absorbing bed.

The Box Wilson design determines which combination of parameters are tested.

These are shown in appendix C.

GENERAL AMERITAN RESEARCH DIVISION
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Fixed operating conditions during testing were:

1. Chamber pressure 360 mm Hg

2. p 7.6 mm Hg, in Test Plan 1

CO2

3.8 mm Hg, in Test Plan 2

3. Inlet air temperature to blower 50°F (bed inlet temperature
averaged 25°F higher due to
blower heat-up)

4, Inlet air dew point h5°m

5. Heat transfer coolant liguid

temperature 50°F
6. Regeneration liquid temperature 180°F
7. Vacuum for regeneration 40 mm Hg absolute pressure

3.2.2 Measurement of Perforfiance  -Characteristics

The following methods were used to detemine the variation of CO2

removal rate, ratio of H20/C02, and ratio of Power/COE.

3.2.2.1 992 Removal Rate

The carbon dioxide removal rate was determined by measuring the
volume of pure 002 which needed to be added to the chamber in order to maintain
the bulk chamber concentration at a constant preselected level.

The concentration of 002 within the chamber was measured and the output

of the CO2 sensor was used to control the CQ2 feed as the 002 concentration
fell below the predetermined set-point. Thus the volume of ng added to the chamber
and the length of time of the test run were used to calculate the average 002

removal rate for the test. Corrections were made for 002 lost from the chamber

 BENERAL AMERICAN REBEARCOH DIVIBION
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through the trim pump which periodically corrects chamber pressure variation

resulting from air in-leakage.

3.2.2.2 Water Los.s,/co2 Ratio

The ratio of H20/002 removed during regeneration was determined by
welghing the amount of water trapped out of the regeneration vacuum loop during
the length of time for a test. Thus the total amount of water collected during
a test divided by the total amount of CO2 removed during the same test gives
an average ratio of H20/002 for a particular test.

3.2.2.3 Power/CO, Ratio

The total energy used by the GAT-O-SORB gsystem for the duration of
a test was measured with a watt-hour meter. This included power to operate
the blower and controls plus electric power to heat the fluid entering the
regenerating bed. This energy divided by the total amolint of ng removed

during the test produced a number equal to a&erage‘energy/weight of CO2 or
average power/CO2 removal rate.

An ammeter was used to measure the required current for operation of
the GAT-O-SORB system. The current indicated the instantaneous power level and
was used to verify proper functioning of the system.components. The ammeter was
also used to indicate when the liquid loop electric heaters were on or off,

3.2.3 Test Cycle

A test run consists of two parts. The first part of a run is

known as "pre-run" during which the system comes to thermal equilibrium. The
normal prerun lasts for three or four cycles. The second part of the run is the

data run during which the system performance characteristics are measured as a

function of operating conditions.

GENERAL AMERICAN RESEARCH DIVIBION
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SECTION L4

PROGRAM TASKS AND TEST RESULTS

The testing program included several auxiliary tasks in addition to the

major task of system performance testing. The program tasks in chronological

order were:

.1

1)

2)

6)

checking all mechanical and electrical system compohents to verify
proper function for continuous and sustained operation.

comparing the 002 absorption capacity of original absorbent with
fresh absorbent to ascertain stability, retention of chemical proper-
ties, and other unexpected effects of long duration storage.
designing the experiment by using The Box Wilson central composite
desglgn technique.

conducting the performance testing of the total CO2 absorption system.
conducting a duration test, consisting‘of continuous operation for

48 to 96 hours, to demonstrate absorbent stability and system
reliability.

conducting off-design tests to show specific effects on system

performance.

System Checkout for Component Function

Two changes were made in the system during the preliminary checkout. The

electric water switch valve with manual override was replaced with a UY-way

solenoid valve; ~ the ports in the original valve were small and clogged

easily. The new valve with 9/6&“ orifices eliminated clogging and lowered the

pressure drop in the coolant loop.

CGENERAL AMERIDAN RESBEARCH DIVIBION
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An 850~watt heater was installed in the liquid loop to replace the 550-
watt unit originally supplied. This provided the additional heating capacity
required for circulating the heat-exchanger liquid at required higher rates.

4.2 Comparison of 0ld and New Absorbent

After the GAT-O-SORB system was returned to GARD, all of the original
absorbent was removed from the canisters. Undersize material was removed
by screening. A sample of the original absorbent from each bed was tested in

a 1l inch glass tube absorbing column tosdetermine CO

> removal capacity. The

average dynamic capacity of the sorbent for 3 regeneration-gbsorption cycles for
each sample was 1.4 percent by weight. This capacity was the same as determined
in the original tests. The conditions of these tests were:

CYCLE: 30 minutes absorption - 30 minute regeneration

FEED GAS: 1% O, in air

ATR FLOW RATE: 4 SCFH

REGENERATION: 180°F at LO mm Hg absolute pressure

After completing testing in the small scale bed, the right absorbent system
canister was filled with 15-3/4 pounds of 10/20 mesh origihal absorbent, and
the left canister with 15-3/L4 pounds of 10/20 mesh fresh absorbent. This
allowed continuous comparison of the old and new absorbent throughout the test
program while operating under‘identical test conditions. No significant
difference was detected between the performance of the two beds throughout all
of the tests.

After comparing the old and new absorbent materials an additional
shake-down test at one-atmosphere was run under conditions which were similar

to the tests performed in 196L.
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The test conditions and results summarized in table 2 show that the
C02 removal rate was similar, although not identical, to test 13-B of the
original test program. The difference in removal rate can be attributed to
the fact that, in the original test program, fhe temperature of the heating
fluid going to the bed in the regeneration mode was approximately 5 to 10°F warmer
than in the shakedown test. An 850-watt liquid heater was used in original tests
while a 550-watt heabter was used in the shakedown test: A new 850-watt heater
was installed and used in all subsequent tests. The effect of higher inlet air
humidity in the shakedown test was assumed neglible because off-design tests
(table 5) show the effect of inlet air dew point is small.

The two Cog-removal rates being nearly equal is highly significant, in-
dicaﬂing that the absorbent did not deteriorate either during the original

test program or while being stored for four years.

4.3 Composite Design Test Plan

The Box Wilson Central Composite design was used to design the experiment
and to develop a quadratic polynomial equation for C02—removal rate, water loss,
and power in terms of the cycle time, precool time, heabt-transfer liquid flow
rate, and air flow. The experiment design is based on a two-level -factorial
design with star points and center points. A series of tests based on the
factorial design were run first to verify that the tests were performed in the
correct range. The two level- factorial design yielded only linear relationships.
To obtain a quadratic effect, testing at three levels was required. For a
complete three-level- factorial design plan a total of 81 tests would be
required. The Central Composite design has the advantage of significantly

reducing the number of tests while not significantly reducing the precision of

the regression coefficients determined for the quadratic polynomial.
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TABLE 2

COMPARISON OF ORIGINAL TEST PERFORMANCE AND PRESENT TEST PERFORMANCE

Test Parameters

Chamber Pressure

Chamber Pro
2

Cycle Time

Air Valve Delay

Coolant Flow

Heating Fluid Temp

Inlet Alr Temp

Inlet alr Relative Humidity

Air Flow

Results

002 Removal Rate

SEMNENAL AMERICAN RESEARCH IWVIBION

Test 13-B (July 1964)

1 atm

7.6 mm

30 min

2 min

2 gph
185-190°F
T7°F
Lo-L29

14 cfm

0.28 1b/hr

AT

Shakedown Test
10-2-68

1l atm

7.6 mm

30 min
2 min
2 gph
180°F
75-85°F
70-75%

14 ofm

0.24 1b/nr



L.l Performance Test Results

The test design produced coefficients for all first order and second
order terms in the polynomial expression. The second order terms are composed
of square terms and two level interaction terms. Higher level interactions were
assumed to be insignificant and were neglected. BEach coefficient was tested
by a statistical method to determine if the term was: significant or'negligible. . The
results of the "t" test used are shown in appendix C.

4.4,1 Performance- Equations

As shown by the high “F" value in appendix A, the results of the experiments
run at a Poo level of 3.8 mm Hg indicated a high degree of correlation.
2
Therefore, the "t" test was used to select all coefficients which had a 95% or

greatér confidence level. The resulting simplified performance equations were:

Y, = -.644 +0.0139A + 0,167 C+ 0.050 D (1)
-0.000096 A? - 0.0170 C2 - 0.0025 D2 -~ 0.00176 AC
Y, = 0.187 + 0.888 ¢ - 0.066 D - 0.148 o (2)
Y3 = 238 - 5,58 A - 41.0B -12.3 D + 0.0671 A? + 4.1 BD (3)
where:
’ leO2
Yl = 002 removal rate, —5
A leEO
Y2 = Water carry over,"igaq;
kwhr
Y3 = Power, T500
2
A = Cycle time, minutes
B = Air valve delay, minutes
C = Water flow, gal/hr
D = Air flow, cfm
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Simplified equations are not presented for the experiments run at a‘pcqa
level of 7.6 mm Hg because the results for this set did not have high
correlation. The, confidence Yevel decreased to 70% oo
before significant terms appeared in the polynomial expressions.

The primary objective of this program was to determine the effect of
operating condition on performance characteristics. This could not be
accomplished from a purely theoretical approach because all of the necessary
chemical and physical properties of the absorbent were not knotwn. Properties

such as equilibrium 002 and H.O partial pressures in the vapor phase,

2

diffusion rates at the absorbent surface, and effective film transfer coefficients,
must be known in order to solve the mass transfer and heat transfer equations

assoéiated.with predicting CO, absorption and desorption rates. In spite of

2

this  lack of information certain effects can be estimated based on knowledge

of how the system operates.

h.L.2 Effect of Operating Conditions on CO, Removal Rate
The operating conditions affected the average 002 removal rate in the
manner described.
4. h,2.1 Cycle Time
Equation 1 shows that air increase in time will produce
an increase in 002 removal rate until a maximum point is reached. Then any
additional increase in cycle time will decrease ng removal rate. The equation

shows that the optimum cycle time shifts and is dependent upon the interaction

between cycle time and coolant flow.
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h.h.2.2 Precool Time

Precool Time had no significant effect on CO2

Removal Rate.

4L.h.2.3 Liquid Flow Rate

Likewise equation 1 shows that an increase coolant flow
rate will increase.CO2 removal rate until a maximum CO2 removal rate is obtained.

Then any additional increase in coclant flow will decrease CO2 removal rate.
The point of optimum 002 removal as a function of liquid flow shifts because
of the interaction between liquid flow rate and cycle time.
hoh2.k Air Flow
An increase in air flow should increase the 002 removal
rate because an increase in air flow increases the average partial pressure of
CO. in the air stream within the absorbing bed. Thus the average gradient

2

of 002 in the gas phase and that held on the solid .absorbent is increased.
This increase in the gradient between the two phases should increase the rate
of CO2 transferred from the ailr stream to the sorbent. Also, if the airstream
cools the absorbent as the sorbent changes from the regeneration to absorption
modes, an increase in air flow should increase bed cooling and therefore
increase CO2 removal rate because the &gbsorbent has increased capacity for CO2
as bed temperature decreases.

This behavior was verified by the experimental results as alr flow increased
from 6 to 10 cfm. Unexpectedly an increase in air flow beyond 10 cfm produced
a decrease in 002 removal rate. This was caused by the air stream heating the

bed. It was observed that the exit temperature from the air blower into the

absorbing bed ran asbout 20°F higher than the inlet air temperature of 50°F
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when the air flow was 6 to 8 cfm. When air flow was increased to the maximum
of 14 cfm, the increase in temperature was about 15°F. This temperature rise
was due to heat conduction from the blower motor and frictionall effects within
the blower. Thus a significantly greater amount of heat is added to the
absorbing bed at high air flow.
The CO2 absorption capacity consequently decreased as air flow increased.

Thus air flow is useful in cooling an absorbing bed from 180° to 75°F, but

opposes the effect of the 50°F liquid coolant in cooling the bed between

75° to 50°F.

. U4.4.,3 Effect of Operating Conditions on the Ratio Water Carry Over/CO,
Removed =

An increase in cycle time, coolant flow and air flow should increase

water carry over rate. Bquation 2 indicates that cycle time affects the water

absorption and desorption in the same manner as 002 absorption and desorption

because there is no term for cycle time in the equation for the H20/CO2 ratio.

The presence of terms in equation 2 for liquid flow and air flow show
that these operating conditions affect the water carry over rate differently

from the \COE removal rate. In other wox:d.s, the HE,O/CO2 ratio would equate

to a constant number if the operating conditions affected water carry over

and‘CO2 removal in the same way.

b, b,k The effect of Operating Conditions on the Ratio of Power/CO2

An increase in air flow should increase the amount of heat removed from
the absorbing bed; and this will increase the amount of heab required for
subsequentl .regeneration of the ‘bed) - Thus an increase in air flow causes an

ific¥ease-in thermal power required.
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However increased air flow also raises the CO2 removal rate, therefore the
behavior of the power/002 ratio cannot be reliably estimated.

In contrast liquid flow can either increase or decrease the thermal power
required; an increase in thermal power occurs when an increase in liquid flow
causes more heat to be lost from regenerating bed than is transferred out of
the absorbing bed; less power is required when the reverse occurs.

An increase in liquid flow generally will ralse the 002 removal rate.
Again the behavior of the Power/CO2 ratio with respect to liquid flow cannot
be reliably predicted.

4. 4,5 Maximum and Minimum Operating Conditions

Experimental test conditions which producedmaximumCO2 removal rate, min-
imum ratio of Water/CO2 and minimum ratio of'power/CO2 for both test plan 1
and test plan 2 are summarized in table 3. Graphs of performance characﬁeristics
as a function of operating conditions are shown in figures 3, 4, 5, and 6.
These plots are derived from the equations 1, 2 and aid in visualizing where

maxima or minima occurs.

4.5 Duration Test

The objective of the duration test was to run the GAT-0-SORB system
continuously for a minimum of 48 hours. The actual test lasted for 73 hours
and was terminated when the system air blower failed.

The blower was designed for one atmosphere operation and overheated
during one-half atmosphere operation. At one-half atmosphere the blower- motor
cooling fan does not dissipate all of the heat which the motor produces.

A1l other components performed satisfactorily. The conditions for the
duration test were:

Pressure 1/2 atm air flow 10 cfm

Cycle time 30 min 7.6 mm Hg

b
002
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CO, REMOVAL RATE LB/HR

CYCLE TIME -MINUTES

Tigure 3. 'The Effect of Cycle Time and

Coolant Flow on CO2 Removal Rate
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CO, REMOVAL RATE LB/HR

.16
Total P_res]sure 380 mm -Ig Coolant Flow
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Figure 4. The Effect of Air Flow and Coolant Flow
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1b HEO
CO2

WATER IOSS RATIO 15

Total Presstre 380 mm Hi Air Flow

Inlet Gas p,, 3.8 mm Hg
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Figure 5, The Effect of Coolant Flow
and Air Flow on Water Carryover
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System Performance Characteristics

TABIE 3

Performance

Varied Operating Conditions¥y:

. . : Cycle Precool Liquid Air
- 1b CO,/hr. 1b H,0/1b CO, KWH/1b CO Time  Time Flow  Flow
2 2 2 2 . .
Min Min gph cfm
A, Test Plan 1, p 7.6 mm Hg
002
1. Maximum CO2 Removal Rate i 0.33 0.48 2.9 20 1.5 L 8
2. CO2 Capacity at min.
1b H,0/1b CO, 0.20 .2k L.5 30 3.0 3 10
3. CO2 Capacity at min.
power/1b CO, 0.30 0.32 2.0 20 1.5 2 '8
B. Test Plan 2, p = 3.8 mm Hg
002
1. MaximumCO2 Removal Rate 0.15 1.00 5.5 30 3.0 3 10
2. C02 Capacity at min.
1b H,0/1b CO, 0.078 0.22 4.0 30 3.0 5 10
3. CO2 Capacity at min.
power/1b co, 0.142 0.81 5.3 30 6.0 3 10

% Varied Operating Conditions are as indicated;

- the fixed operating conditions were:

Inlet air temp 50°F
inlet air dew point L45°F
coolant temp 50°F

Regeneration press 40 mm Hg

9

ad

regeneration lig. temp 180°F
Chamber pressure 380 mm Hg




Air valve delay 3.0 min Inlet air dew point LO°F

The average responses for the overall duration test were:

CO2 removal rate 0.12 leOe/hr
Water Carry-over 0.70 leEO/leOE
Power 6.5 kwhr/lb002

The duration test did prove that other than the blower motor failure,
the system was capable of continuous operation and was able to maintain its
002 removal rate throughout the test.

4.6 Off-Design Tests

Off-design tests were run to determine how well the system performed
when certain design parameters were varied. These parameters include total
pressure, CO2 partial pressure, regeneration vacuum, regeneration temperature,
inlet air temperature and humidity.

The tests were run under conditions &imilar to the center-point tests
of the central composite design except for the off-design parameter being
tested.

The off=design tests revealed that the COE—removal cgpacity of the system
is not seriously affected by off-design conditions except for the heat- transfer
fluid temperature. This agrres with the original work in which the minimum

temperature for regeneration was found to be about 1L4O°F.

4.7 Total Run Time

During the performance of this contract in which the GAT-0-SORB system was
tested at GARD with original absorbent in the right canister and fresh
absorbent in the left canister, 593 hours of running time were accumulated on
the system. This includes 55.5 hours of prerun shakedown tests at one

atmosphere and 537.5 hours of actual testing at one-half atmosphere.
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0t

MEISIAIG MONYESEE NYDIESIAY TYHENED

TARLE L

QOFF<¢DESIGN TEST RESULTS

Inlet 1Inlet .
CO, Rate Water Loss Power] Total Regen Coolant Regen Gas Gas '
Cond. Test | 1b CO, 1bH_O kwhr Press CO2 Press Temp Temp Temp Dew Point
Chiarigd” ~ No. hr 1bcb2 1bCQ,| mm Hg mm Hg mm Hg °F °F °F °F
* 0.17 0.69 5.1 380 7.6 40 50 180 L5° 4o°
Total
Press 39 0.20 0.59 4.9 760 15.2 Lo 50 180 hg° Lo°
Regen
Press Lo 0.1k 0.77 5.8 380 7.6 80 50 180  u5° Lo°
Regen
Temp by 0.09 0.68 7.41 380 7.6 Lo 50 150  L5° Lo®
co,
mm Hg 43 0.17 1.33 4.8 380 15.2 4o 50 180 y5° Lo°
Regen
Press Ll 0.13 0.6k 6.0] 380 7.6 20 50 180  Ls5° Lo°
Inlet ' .
Dew Pt. L5 0.16 0.25 4.5 380 7.6 e 80 180 80° 70°

*¥The standard consists

of the average of the 7

center point tests.

For all tests

cycle time = 30 min

air valve delay 3 min

coolant flow 3 gph

air flow 10 cfm




SECTION 5

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions are based on the data obtained from the experiments
performed during this contract, and the recommendations are based on the conclusions
and on design and absorbent modifications which would improve efficiency.

5.1 Conclusions

1. The 002 removal rate is directly dependent on air flow, coolant
flow, and regeneration heat rate up to values of & cfm, 4 gph, and then decreases.
with further ‘intrease in these parameters. At higher air flow rates the blower
heat.conduction to the bed increased and raised the temperature of the absorbing
bed, causing decreased capacity. As the coolant flow‘rate increased the coolant
was heabted slightly as it passed through a metal switch valve common with the
hot liquid loop, and thus the bed cooling was decreased resulting in decreased
capacity. TFinally, at higher heating liquid flow rates, the liquid heater could
not maintain the fluid at the desired 180°F level and the lower regenerating
bed temperature caused a decrease in capacity.

However, under more ideal equipment conditions the average CO2 removal rate
should have increased with increased air Tlow, increased sbsorbing bed cooling,
and increased regenerating bed heating rates.

The CO2 removal rate would be expected to increase with a decrease in
cycle time because more fresh absorbent is brought:-on stream per unit time.

The CO2 capacity was lower than expected at short cycle times, probably because
the finite time required for the absorbent to be cooled before it can begin
absorbing 002 takes up a greater portion of the cycle time. Thus the 002 removal
rate was restricted by (1) the heating effect of the air blower, (2) the heat
transfer through the liquid switch valve, (3) the limited heating capacity of the
liquid heater, and (4) the capacity of the in-bed heat exchangers.
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Operating with these mechanical restrictions the highest 002

removal rate achieved was 0.15 lb/hr when the Pog  Wes 3.8 mm, and 0.33 lb/hr
2

when Pog Wes 7.6 mm. This corresponds to a 1.5 and 3.3 man capacity system

2
respectively. TFor tests at a Poo of 3.8 mm Hg and at low liquid flow, 1 to
2
3 gph, an increase in cycle time produced a proportional increase in CO, removal

2
rate. At high liquid flow, 4 or 5 gph, an increase in cycle time initially
caused a proportional increase in CO2 removal, then a maximum, and finally
a decrease with further increase in cycle time.
2. Power for controls, valves, and the blower was essentially con-

stant. Power for the liquid heater was priﬁarily a function of 002 removal
rate and heat loss. Power should increase with increased air Tlow,
increésed absorbing bed cooling, increased regenerating bed heating, and
decreased cycle time. These operating parameters produced the same general effect
on power ag on CO2 removal rate. "If both power and 002 removal rate are
influenced in the same manner and degree by the operating parameters, the
equation for the ratio of power/CO2 would equate to a constant. The
equation did not equate to a constant indicating that power and 002 removal
rate are influenced to a difference degree by each operating parameter. Since
nelther rate can be predicted with accuracy it is not possible to theoretically
predict the effect of operating parameters on the ratio of these rates.

If the thermal power for heating the regenerating bed can be pro-
vided from waste heat at 180°F, the electrical power for operation of the system,
i.e., blower and controls,would be reduced and influenced only by air flow

rate. At inlet 002 partial pressures of 3.8 and 7.6 mm Hg, the minimum ratios

of power to CO, were 5.3 and 2.0 kwhr

2 15“602 respectively. These minina occured
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approximately at the maximum CO, removal rates. If 180°F waste heat is

2
available for heating the regenerating bed, the ratios would be reduced
kwhr - .
to 2.0 and 0.96 5 Co or 200 'and 196 watts per man, respectively.
2

3. The water carryover, i.e.,water removed from the air stream

during ng absorption and released with CO2 during regeneration, should be
influenced by the operating parameters in a manner similar to the way the
operating parameters influence 002 absorpticn and desorption. If water carryover
is affected in the same manner and degree as 002 removal, the equation for the
ratio of H20/CO2 would equate to a constant. The equation for this ratio
did not equate to a constant, indicating the water carryover and CO2 removal
are not influenced in an identical manner and degree. At inlet 002 partial
pressﬁres of 3.8 and 7.6 mm Hg, the minimum ratios for water carryover/002
were 0.22 and 0.24 1b HEO/lb 002. The minima occured at random and at apparently
unrelated levels of 002 removal rate.

The only conditions which affected ‘the water loss ratio weré liduid 'filow
and air flow. An increase in air flow produced a proportional decrease in
water loss for the entire test range. ILiquid flow at 3 gal/hr produced a
maximum H20/002 ratio. The minimum water loss ratio occured when the liquid

flow was either 1 or 5 gal/hr. Cycle time and precool time did not influence

the water loss ratio.
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4., A 73 hour duration test showed the ability of the system to
function reliably under continuous unattended operation.

The system was operated for 593 hours without a decrease in 002
removal capacity. Thus the absorbent was shown to be suitable for long term
continuous use.,

5. The system can be operated under most off-design conditions without
significantly changing the overall capacity for CO2 removal. The most
significant change was regeneration temperature, where a decrease from 180°F
to 150°F, lowered the CO2 capacity by 50%.

6. The absorbent appears to have long shelf live because no difference

was detected between the absorbent formulated in l96h_and fresh absorbent made

in 1968,
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5.2 Recommendations

fﬁe performance of the GAT-O-80RB system could be improved by various
changes in the system and absorbent materials.

1. The following design changes should be made on the present system
to increase the 002 removal rate.

a. The present 850 watt liquid heater should be replaced with a
larger capacity heater to prevent the fiuld entering the regenerating bed from
falling below 180O F at high liquid flow rates. This would increase peak power
but not necessarily the ratio of power /_lb. of 002 because the CO2 removal
rate would increase.

b. The present b-way 1liquid switch valve should be replaced with
two 3-way switch valves to prevent heat transfer through the valve from the
warm fluid leaving the regenerating bed to the weol fluid entering the absorbing bed.

c. An alternate to using an eiectric heater in the system would be to
provide separate hot and cold fluid loops for regeneration and absorption.

This would be equivalent to operating with liquid available from the waste heat,
loop, and coolant from the coclamt: system loop.

It is anticipated that the above changes would = .significantlyvincrease

the CO2 removal rate, while the power penalty per pound of COE’ or per man, would

be held the same, or possibly decrease.

2. The design of the in-bed heat exchanger should be improved to
increase CO2 removal rate. These improvements would consist of:

a. Depositing the absorbent directly on the fins of the in-bed
heat exchanger, or

b. Providing more actual heat-transfer surface area in the bed by
changing of the heat exchanger configuration.

w0 .
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3. The capacity of the absorbent might be increased by altering the
composition of the granules. Possible alteratiéns~ would include:

a. Making formulations containing carriers possessing higher surface
areas and

b. Altering the ratio of absorbent ingredients.

Lk, Investigate the possibility of using a low power rapid-cycling
process of "heatless desorption” for this absorbent.

5. Investigate lower pressure and correspondingly lower temperatures
for regeneration to decrease total heat input.

6. Determine the composition of the effluent of the absorbing bed,
and of the regenerating bed to verify that no,undesirable trace contaminants
leave or are generated by the syétem, and that high purity 002 is
recovered.

7. The polynomial expressions developed f?om the Box-Wilson composite
design yield good results for the present system; however the expressions are
only applicable within the range 6f parameter values tested and only for the
present system. General theoretical equétions based on mass and heat transfer
should be developed because these equations would be appliceble for a broader
range of parameters for any system which uses the GAT-0-SORB absorbent. In order
to develop these equations, physical and chemical properties of the-absorbent,

heat of reaction, and mass transfer coefficients should be determined.
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APPENDIX A

COMPUTER COMPUTATIONS
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The tables in this appendix show the computed regression coefficient
by a least squares fit, the standard error, the t value for the coefficients
plus a multiple correlation coefficient, a standard erroy and F values for the
overall test design. Also furnished are tables of measured and computed responces.
Teble A-1 shows the correspondence between varisble number and the terms in
the polynomial equations.

Table A-1 Correspondence

Between Variable Number and Varigbles

Varigble No. Term
1 X,
2 X2
3 X3
L X,
> Y,
6 T,
7 Y 3
8 x,”
9 X,
10 th
H X %o
12 X Xy
13 XX,
1h XX,
15 X X),
16 XX,
17 %,
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Table A-2

Results for CO. Removal Rate

2

at Pog equal 3.8 mm Hg
2
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59 0469565 1214553 =0.42875 =0e0]1707 0400373 =457146
u...10 0269565 - Xe k8553 =0.20479_ Q201007 000373 =2.69121
.1l -0.400000 060302 .. 0+08167 =0200912 0+00980 =0+93063
12 :u.onnno 0460302 =0,26780 =0:01762 0200693 =2454208
wo..l3 . E 0..00000. 0260302 0409686 v 00637 __ Q200980 =0 .65016
9. .14 0..00000. 60302 0203608 ... 0.00237. (200693 (434255
t 15 0200000 0260302 Qa26400 ) =0a01737 000980 =1417202
w___lﬁ________!_(]_._OO_QD_D __________ 0460302 =0+03988 =0200262 Qe00693, =Q.37860
R B R 0469568 L. 1el#u583 oo =0.19279 ______..=0200969 .. 0000323, ___=2,5981.
: DEPENDENT
s 0.09173 ¢ 0403968 )
TINTERCEPT 0411785
" MUUTIPLE CORRELATION | oigsasy T )
B e e ek ittt mmmm——— -
 STDe ERROR OF ESTIMATE 0.01961
VU
e e meaee - R S
[ - .
ANALYSIS OF VARIANCE FOR THE REGRESSION
:
SUURCE OF VARIATION DEGREES SUM OF MEAN F VALUE
e e OF--FREEDOM------ SUJARES--- SULARES
s ATTRIBUTABLE TO.REGRESSIQN _._____. Qb 003157 Q0225 5486452
DEVIATION FROM REGRESSION 8 0.00307 0400038
é TOTAL 22 0+03465 :
GEMENAL AMERICAN RESEARCH DIVIBION

Lo



Table A-3
Comparison of Responses

for CO, Removal Rate at Pao equal to 3.8 mm Hg
2

ML IRLE  REGRESSEON e G OREON—— e

I - SELECTION 1
|| I
B 17 TAD! fa ¥~ DCC!!\HAI (-3
L GASE-NOg s ¥--VALYE-—--- - ¥-ESTIMATE---—om RESIDUAL
1 0410000 0410324 -0.00324
Hon o 2-memmmnnen O-e09500-~---mmmmm Bv09824-mmmnmmm ~Oe00324--
3 0407700 0.08024 -0.00324
15, !v 0 nnacc n'nngziv O (\4’\1‘2_17
5 0411600 0411562 0600037
e enan b mm e 0w D3800---mnmmmm B O2P6R - Ow00037--
7 0409200 0409162 0400037
Memmemaa 8- - 0-+03800. 0453762 0+ 00037
; 9 0410800 0410656 0400143
'\\u 10 Q05000 DLOLRSBE DL00143
i 11 0407800 0407293 0400506
owo__ .12 0402400 002618 =0..00218
13 0414200 0414056 0400143
b I 14 e 0..09100.. 0088954 0400143
15 0415000 0e14856 0400143
n 146 Q.01100 0, Q0984 000143
17 0415500 0411785 0e03714
n 18 010800 0 _117RS =02009885
19 0413800 0411785 0,02014
no 20 ... 0411900 011785, Q00114
21 0409200 0411785 ~0402585
n, 22 00897200 0. 11788 =0.02085
23 0411600 0411785 ~0400185

GEMERAL AMERIGAN REBEARCH DIVIBION
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Table A-L

Results for Water Loss at

]pco2 equal 3.8 mm Hg

T MU TIPLE REGRESSLIOA + 0o CQ2C0ON

. SELEGTION+s-ese?
»

VARIABLE MEAN STANDARD CORRELATION  REGRESSION ~ STDs ERROR COMPYTED
R | PR
S
- . -

NO. DEVIATION X VS Y COEFFICIENT  OF REGsCOEFs T VALUE

T 500000 0485280 0405486 ~0408999 0.09328 ~0.96480
T 0400000 0.85280 -0418583 0400249 0409328 0402680
Ty 0400000 0485280 ~0+24600 ~0408687 0406596 -1.31707
T 0.00000 0.85280 20437343 =0e14249 0.09328 152761
T 0.69565 1.14553 —0.09492 —0.04180 0.05024 =0.83200
T 0469565 1214553 20456397 0415305 0.05024 <3404594
e T 0469565  1.14553 0402102 20.01430 TGe0s0z4 T S0v28473
1 0.00000 0460302 ~0.24278 0.02124 0.13192 0.16108
P 0400000 " 0460302 0.01752 0.00874 0409328 0409380
s T e soo000 0460302 2026781 —0412624 0413192 ~1.03281
T4 0400000 0460302 000250 0400124 0.09328 0+01340
T 0400000 0460302 0025779 0.21874 0413192 1465818
e 0400000 0.6030% 0+02753 0401374 0409328 0414740
17 0469565 Tiias53 0.13169 0.01194 0.05024 0.23765
P
1. DERENDENT. .
w INTERCERT - . Qe89285
’1‘ MULTIPLE CORRELATION 0 ﬁhgdﬁ
2. STDe. ERROR.OF. ESTIMATE .. 0426386 __.

ANALYSIS OF VARIANCE FOR THE REGRESSION

SOURCE OF VARIATION DEGREES SUM OF MEAN F VALUE
B -------QOF. EREEDOM SQUARES SOUARES.
v ATTRIBUTABLE 1O REGRESSION 14 ' la3845 0410274 1447596
DEVIATION FROM REGRESSION 8 055690 0406961
B e e ————
TOTAL / 22 1.99536

BENERAL AMERISAN REBEARCH MIVIBION
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Table A-5

Comparison of Responses for

Water carryover at p,, equal to 3.8 mm Hg
- 2

MULTIPLE REGRESSIONesessCO2CON

SELECTIONssses 2

[ U UG Uy

TABLE OF RESIDUALS

CASE O Y VALUE Y ESTIMATE RESIDUAL

f———F - — 04000 — B 506 24— — B e
2 0435000 Oeblib24 =0e09624

! B AR OeB890Q0- -~ ------ 0498624 -------- ~QwB9624--
4 0440000 0e49624 ~0e09624

f 5 - ---- - -0657000 --------- ©e63249--------- w6249 -~
6 060000 066249 =0eUB249

! F t+14600 1 2 =G O 624G —
2] 0460000 0e66249 . =0.06249

Y 9 s 0663000 -~ Qe H5U6R - O Q-F93-7--
10 120000 leal2062 QeUT7937

" 11- - - - --0e22000---- - --- BelO6ET .- Oel1l1312--
12 0450000 0645437 004562
1”7 13 0«81000 O e-i30562 Oel)I937
14 0480000 0s72062 0407937

i 15 .. . 0e84000.-.-.-... . 076062, —ceo-- 007937 _
16 1420000 l.12062 0s07937

- A7 Le00000. .. .. - 0eB8Y285. .......-010714..
18 1.00000 089285 CelO714%
“—_—.-19 1.09000 089285 019714
20 1.00000 089285 0e10714

" 21 0438000 ... 0eB89285 ... .- =0451285...
22 1.13000 0.89285 0e23714

23 - 0e65000 ... ... 0eB9285 ... 20424285 ..

GENERAL AMERIRAN REREAROK DIVISBION
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Table A-6

Results for Power at
equal 3.8 mm Hg

T VARTABLE -~ YTy — STANDARD------—- “CORRELATLON ----~-REGRESSFON------5FDw-- ERROR -------COMPYTED
- NO« DEVIATION X VS Y COEFFICIENT OF REGeCOEF T VALUE

"’ 1 000000 0.85280 -0.61218 =15052499 1439753 -11+10880
-JL-"Z 0400000 0.85280 0.01391 ~0¢87499 1439753 -0+62610

1L—“;“ 0400000 0+85280 ~0405728 =087499 0.98820 =0e488543

" 4 0400000 0.85280 =-0es14076 -1e42499 16439753 -1s01964

- 8 069565 1e14553 -=0415036 =~0s81428 0e75283 =1408163

" S 069565 114553 005192 1626071 0e75282 1;67463

i 10 069565 le14553 ~0.05043 0421071 0475283 027989
e, ,

SR
P

LI W I 0600000 oo De60302 e = 0—‘-133-l0--—-—-:-—='-lQA4-9-99- ---------- le97681 - =04 13364

i 12 0.00000 0460302 0412731 2474999 1.39753 1496274
R B RO, 0400000 _________ 0660302 . ___{ 0,Q6Q18. . _______ 2417499 1,97641 1al00417

TS ¥ N 0400000 _________ 060302 _____=0.10301_ _______: =2e22699 1039753 _______- =la59208._ ..
18 0.00000 0460302 ~0.14699 12434999 1497661 6224867

I - S 0.0Q000 . __ 0460302 ______J QeQ5324 . ____ 1415000 _____ 14397583 Qs822B7.

IR B A 0.69565 ... 1alaB53 ... 0s59052 ... 60TASTL . ... 075282 ... ... 2,Q1360Q__.
-

DEPENDENT
:T'"; ______ 12.83477 13.02506 o
n
INTERCEPT Te65713

" MULTIPLE CORRELATION 0.98311
b::“s'}.c;. ERROR OF ESTIMATE 3.95283

S0a

b
002

MULTIPLE REGRESSION«sseeCO2CON
0 .

SELECTIONssees 3

ANALYSLS OF _MARIANCE _FOR_THME REGRESSION

¥— ~SOURCE OF VARIATION DEGREES SUM QF MEAN E_VALVE
OF FREEDOM SQUARES SQUARES

W m——aa

ATTRIBUTABLE TO REGRESSION 14 3607435010 25766784 16449080
#.DEVIATION FROM_REGRESSION 8 124,99952 15462494
K :
n JOTAL 22 3732.,.34961

SENERAL AMERIZAN RESEARCH DIVIBION
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Table A-T7

Comparison of Responses

for Power at p,, equal 3.8 mm Hg
2

MULTIPLE REGRESSIONe«esssCO2CON

SELECTIONeswse 3

TABLE OF RESIDUALS

CASE NO. Y VALUE Y ESTIMATE RESIDUAL

...... Lo 8030000 - k114999 =2 BAGGY-—.
2 12460000 15444998 ~2.484998

----- Fome 13460000 <~ L 6e b le9FB oo w2 e BLF 9B
4 11.00000 13.84998 -2484997
5 7+16660 554999 Bt 393
6 27400000 29444997 2444996

9 8430000 5464999 2465000
265001
11 14400000 10494998 3.05001
B R 16470000~~~ --- 14444998 - -cmemenn 2--2500-k--
13 5430000 2464999 2465000
B T 8480000---ooo 6414998 o 2465000-.-
15 6440000 3474999 2465000
16 68450001 685, 84997 2o 558004
17 5450000 7465713 =2415713
PR ¥ - S 8430000 . Le65T23 0.0.646286 .
19 6450000 7465713 ~1415713
1 o SO, 6470000 . ._...C Te£5713 =0495713
21 8470000 7465713 1404286
22 9630000 165113 164286
23 8460000 7465713 0494286

CENEMAL AMERICAN RESEARCH DIVIBION
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Table A-8

Results for CO2 Removal Rate

p002 equal 7.6 mm Hg

at

VARIABLE MEAN STANDARD CORKELATION REGRESSION STDe ERRIR CUMPUTED
1 HE- Bty ATHO G COEFFE R~ OF— R EOEF g T At
Ve gamnnnnnne- GeBFOG-armnmrnn WrBGhP T T Ty RRCERREE RS S SRR s R 2 54 T UREE
(R B s 00DV mmmmmm e P VIR, S — el BT FYmmmmmee BV SUEPE Y Y- SRS S VA T S
B Gt e entog RO Ay B trir R Bertrt5ee Hri 59 drgt St
foonn Bpom s e BYEDG e BB GHAY e e PGP R 4 L R LR OwBIBEH- oo T Ts Sl ot
e I TLTTATY T TTTTTRYgg 2T USIBSUS T NI UORG T T UTOT2FTT VaHIYTE "
" g e T THTY UeIYULT ".\)OJ.[UGQ <U«UURY U.\)I.ZJ/G =Us IG34H
Homreo DR R TR A3 & 2Nt VPA" -1+ At DTITYHLT T CAUIneZ T CVOTZFT T USERZ TS T
Remeen TT TR BOLIUTT T S T TI1TIET T TIUIHEIF GV OTESE T U BERTE T
" T2 TYIITD TeTI0ZL0 =TTTETSS =TIUTIRT TYOTES% =0vT7T75%
Howomne R AR OO e TAZY T TR T I VSOTEET " VIOIEEE " 0T8T
e g GUOG T T IC 29 OVOTTHG UeTOOER VIOLEGY e SvOFT TR
i 15 OO 7029 - a0 1e? GO GetraE
Bomene iy mom oo amGrg GG e g FIOR G Yy PABYF R s o T g L 1 w09SER- -
B R £ s B T T X2+ at o2 SELEE LR GEOLPB Tt P TETO -
B e i bt - an T it A o — —— v
PENDENT
InTERCEPT 7 0.16571 7 o H

o e e SRR e e e
g g e
1"".'vTUL-TT-’L‘E.'COVR"EE?-\'TTOT\! """"""""" o230 3 > 25
P T ERROR OF ESTTATE UB61E - - -
0
5 e e o e S A e e et D e 2 e £ < i St e 2t 2 e 2 ot e o e e e
L ARALYSIS OF VARIARCE FOR THE REGRESSION C

. SUURCE UF VARIATION DEGREES SUi OF AEAN F VALUE
"""""""""""""""""""""""""""""""""""""" OF FREV DU T UONRE S T T T T T TEQUARE ST T T T e e
S RTTRIBUTABLE TO REGRESSIUR™ """~ TETTT VIUEZqy """y VPAVIOK (o) Dt OVEYZEE T

DEVIATION FROY REGRESSIO: 16 0eUT7G08 0.0U438
TOTAL 30 Vell257

DENERAL

ANMERISAN RESEARMOCKH DIWVISION
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Table A-G

Comparison of Responses for

CO, Removal Rate at p equal 7.6 mm Hg
2 C02

MUL T IPTE REURKESSTUN s e s 9o WCULLUN

u SELECTTONGvsve T
b TALLLET VT WL S L UMALS

e CASE N ¥y UE - Y ESTIMATFE RESTHOUAL
1 0430000 0423733 0406266
‘“ £ Uel7UUV ViU UVsULoVO
- 3 026000 0418608 0607391
" “4 Ve ZilUUU Uel 12310 AL
- 5 0433000 0425491 0407508
h & Os17000 VFIICIY UeU3300
7 022000 0420616 0.01383
e B T 14000 0vIHSTY AU TOUSTY
- 9 0420000 0e13608 006391
" 10 TeTEUUT Us I33TE UsUZ683
e 11 0410000 0409233 000766
T2 013000 Te140Y1 =0%01697T
" 13 0423000 0e22616 0000383
; 14 0. 16000 Tel7574 =0.01274
15 0422000 0418491 003508
1é Ues 17000 Ue 17199 =0 V2177
g 17 0407500 0419358 ~0+11858
18 0150060 U.1302% 0201975
“ 19 0413000 0421691 -0408691
Pl 2Q 0el 7000 U.18191 =0% 01191
» 21 0400700 0409658 -0008958
22 U T5000 U I592% =U. 00925
n 23 0413000 0+23691 ~0410691
4 Ue1Y0U0 TWIBI9T - 0w 0U8TUE
" 25 0«20000 Ge16571 003428
J 4 Uel7000 0916571 000428
o 27 0418000 0416571 0+01428
rd:s UeIT70TT U 16571 U UUGZE
Dy 29 0413000 0416571 ~0403571

'.‘il y
. 30 0416000 0e16571 =0.00571
3 3T 03 TI5000 0v1657Y =~030157T

GENERMAL OAMERISAN REBEARCH DNVIBUHIN
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Table A~10

Results for Water Loss at

Poo, equal 7.6 mm Hg
2
$emm MUL'TTPL'E”RE%RE;&»IUN:tocokU‘LUN
‘ SECECTTON s e 2
S ~
] -
' VARIABLE MEAN STANDARD CORRELATION REGRESSION STDe ERROR COMPUTED
' NOUT DEVIRTIUN X VS Y COCFFITCTERT OF REGHLOTTFS T—VALUE
Morenas 1 0300000 0v894%2 V33393 0v0T291 0:04258 17227
" 4 Ve UUUUV VsDYRG L U THS L VeV 1024 U.U"_‘?D MW ST LoV
'I!
. . . [ [J ]

" % 0v00000 V89562 =UIUS533 =0T 0T208" Us04258 =0vZB3TS
" _5 0T 7419 0e99027 ~030185T OeOT581 0303901 V40546
“ v USTTRIY OTYIUZT =UTI2ETH =UsUT206 UTUSIUT 15857129
IR {* R CRELTY S Ve9IoRT T OVOLBI T =U§00956™ " VIVIFOL = 26T
# 11 0% 00000 U T7302Y “0v0Z570 =Us00E8 7 0505215 =0¢13181
" ic UeUUUUU Ve {30y VsV 7 &HH UsULlY3ST UelUDJdecll UVeJd T 1l%0
- 13 0F0T0TT Us 7302V =0VOYIlS =UsU2%37 VUYL “OTAETES
- 1% 0%000U0" Ui 73029 =0vIT05U SUTU4562 U0S215 wOVBT4TS
" 1D UeUUULU Ve 730y Vellol71l Vel4UD L VelULdlD Ve i T7TadYL
" ) 0+ U0T0U 073029 =UsU5E4Z wOV01552 UsUB2T5 =U3ZIT5T
" I7 OVTTHIY 099027 =U§Z4601 =0VO5TOB Us0390% “TIH6Z80"
s, DEPENDENT
u [} Q57322 " 019530
.

INTERCEPT 069285
» MULTIPLE CORRELATION 0662564

STDe ERROR OF ESTIMATE 0420862
dnol :
L
| [P
RO - ———
, ANALYSIS OF VARIANCE FOR THE REGRESSION '
M SOURCE OF VARIATION DEGREES SUM OF MEAN F VAWUE

. -"OF "FREEDOM SQUARES SQUARES
ATTRTBUTABLE TO REGRESSTON 14 044750 007199 U 73509
DEVIATION FROM REGRESSION 16 069636 0e04352
TOTAL 30 lelda27

GENEMAL AMERIGAN RESEAMOM DIVIBION
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Table A-11

Comparison of Responses for

Weter Loss at p,, equal 7.6 mm Hg
2

" SELECTIONsvswes—2
1t
n TALLT VT KEQI WURL S
Mo CASETROGTTT T TVALOE T Y ESTIMATE -------- RESTOUAL
1 0432000 088249 ~0e16249
R 2 61000 0w65208 O s 04208
3 0450000 Qe47374 0402625
s i 70000 Tretses G OB84L6
. 5 0448000 0452374 ~0e064374
oo G- 0596000 OwTTO83 Ts18916
7 . 043000 0e33249 0409750
Voo immn oo k: et Vs26000 """ 055208 """~ ~0329208 -
9 0467000 0e45708 0+21291
* 10 TSHI000 XS TAR Y] =0vIT9Ts
. 11 0440000 0461083 ~0421083
fremeenes 127~ TiB2000 0¥ 655%) ~0s U354
13 0433000 0s43583 =0+410583
Womemmmman Atpm---- 038000 Oe5854%1 Rttt 2 ¥ o0 15w
15 037000 0e40708 «003708
" 16 s 67000 052916 O Iwo8S
17 0438000 0431874 0406125
e 18- 65000 “096104T - v 03958~
19 0470000 066208 0403791
¢ VFE6000™ """~ 0359708 s 0e06291~
21 0452000 0e44708 0.07291
" 2z (X a-dvavi; Us36208 02 79T
s 23 0« 70000 0467874 0.02125
- 24 Ue 71000 Ue6304T OeUry58
» 25 0e24000 069285 ~“0e45285
________ 28 Us5I0TO V69285 =0« 08285
Y 27 0485000 0469285 0615714
28 V.65000 Ue89285 «“UesULZIBS
a 29 0490000 0669285 0e20714
30 0.96000 Ce65285 Ue26714
31 0e¢ 64000 0469285 ~0405285

LI

MULT1 PLC  REORESOIUNGT e 3 WUZCUN

GENERAL AMERICDAN RESEARCH DHVIBION
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Table A-12

Results for Power at

Poo equal 7.6 mm Hg
2
"": SELECTIONssssse 3
Y
N e o e e o
VARTABLE MEAN™ STYANDARD CORRELATION REGRESSTON STD ERRUR COMPUTED
" NQe . DEVIATION X VS Y COEFFICIENT OF REGsCOEF T VALUE
) 1 L 0400000 089442 0402265 0e24166 1e79145 0sl3489
0-09_9(_)0 0e89442 . 003749 0439999 1479145 (_)_._2__2—3‘?_8__“
N 3 0400000 0.89442 ~0+37654 -4401666 le79145 ~-2e24212
M_______f __________ 0.00000 0489442 9-03437 0436666 1479145 0620467
e 8 0 _a_'{]_‘t}_?____ 0.99027 ~0.14628 - - _1_._1_l_2113 _1.64119 =0e68311
u g 077419 099027 059459 544136 1e64119 3431548
o 1_ o 9_._'_/_7»13}_9“__________({::9_?027 —-_0-15334 ~1418363 l.64119 ~_:—_(_)_._'Z_le‘)
N ]: 1 ___________ (_):_99_?9_(2 ________ 0-7302"9_ —0-053_?_8___ -,0'69999 219407 =«0431904
N 12 0+00000 073029 0008132 1406249 2419407 Oe48425
e ]: _3 __________ 0400000 0473029 -—0-05453‘ ) -0-7_1249 2¢19407 ~0e32473
. ];f' __________ (‘000000““ 073029 ‘-_9:_(2—2_]_.9_1:_“_ - =0e27499 2419407 -0._}_.7._§_3__§h-_
073029 0604592 0459999 2419407 0627346
Ce73029 ""-0.06410 :O_-_83749 2419407 -01?_8_]:_7_(2 ‘‘‘‘‘
L 099027 ~0e12935 =-0e97113 le64119 ~Qe59172
—DEPENDENT
i 7 6781937 95 5%090 -- e
B e e e e -
- INTERCEPT STe2e5
*MULTIPLE "CORREUATION OVTH0TS """ It g
“oe g TPV ERROR OF "ESTIMATE ~"""""~ BVTTE29 Rl
B e e .- -
B ANALYSIS OF VARIANCE FOR THE REGRESSION
R SOURCE OF VARIATION DEGREES SUM OF MEAN F VALUE
OF FREEDOM SQUARES SQUARES
= NTTRIBUTABLE TO REGRESSIUR T% T498VEITES 107403509 Ti3BI6%
7. e me e e e e e e i = e a4 S o o k24 7 o 4 7 S o S8 A £ 7 - . 2 e S 7 e T e
""" BEVIATTON FROM REGRESSION "~~~ 777718 7 77 1282337475 7702342 TTmTmTTTTTT
' TOTAL 50 273086621
GENERAL AMEMRIIAN RMEREARSH DIWIBION
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Table A-13

Comparison of Responses

for Power at p,, equal 7.6 mm Hg
2

MULTIPLE REGRESSIONe s« eeCO2CON

SELECTIONsesss 3

TABLE OF RESIDUALS

CASE NO. Y VALUE Y ESTIMATE RESIDUAL

X Z:T0000 9V4B4LS T STeUSHLS
" 2 3480000 10463748 =6¢83748
3 250000 T1.004715 SBH0FIS
4 3420000 9438748 ~6e18748
5 Z+ 90000 Te52082Z Te3 1917
” 6 6410000 6495415 =0e85415
"""" 4 370000 1597082 TTW2ILT
8 7430000 4460415 2069584
Wommommmoes g Be60000 -] T2wO8THT-—-" " ~B e BTET -
10 4410000 10442081 =6+32081
i T T2+w0000U TET03TET =G O3 THT
W 12 4440000 11.57081 =7¢17081
"""""" 13 Z+T0000 0 B8U4TS TeZ958%
” 14 6410000 3438748 2471251
"""""" 1577 77TTTTTTTRYTONOU T 3655415 TeUG58%
R le 6400000 3443749 2456251
7 7T+ 10000 Ue 775499 5¢32500
" 18 6410000 1474166 4435833
““““““““ 19 630000 “0VI%IE6 6+ 94168
» 20 5420000 1.45833 3474166
"""""" 2T TR TYT0T0U LYY LGS 22715835
N 22 7440000 18487497 =11e47497
' 23 650000 =0 325499 CYY-LA A
a 24 5400000 lel4l66 3485833
U 4- N 4B 0000 5¢I4Z8D “=Ue 54285
) 26 3450000 5614285 =1¢64285
Boomes 2T STttt 500000 BIT428Y =0T1%28S
. 28 5460000 5414285 Oe45714
" 29 660000 S 1u285 Tt STty
30 5410000 5414285 «0404285
Burimmenn & Sttt i 70000 -~ -1 74 F- o5 STTe

SENERAL AMERICAN RESELAROCH DIVIBION
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Reduced Equation for C

Table A-1L

0. Removal Rate

2
at p equal 3.8 mm Hg
CO,
2
1./41. XEQ__REGRE
’ k)
N
g S g Sy VAW U
s MULTIPLE REGRESSIONeesseCO2CON
Y SELECTIONesees 1
1 r i m e e man— . a——— -
TVARTABLE ~7TTMEANTTTT T STANDARD ™~ TCORRELATION REGRESSTON §T0s ERROR™ T COMPUTED
s NOs DEVIATION X VS Y COEFFICIENT  OF REG4COEFe T VALUE
P S 0400000 0485280 0456004 0+02606 0400556 4468081
w3 000000 0485280 ___ 0e25114 0+01168 0400556 2.09907
w9 069565 1414553 =0e42875 =0+01697 000420 =4406129
w10 0+69565 1.14553 =0+20479 ~0600997 0400420 «237496
w2 oo 0400000 060302 =0426780 _=0401762 0400787 ~2423830
w17 0469565 1414553 =0,19279 =0400960 0400420 ~2428570
e o o e e = o e e e o v o e e A ok A e 4 v = v e S A A 4 0 2 2 o -
DEPENDENT
T e mm - ——
g 609173 5263968
19 it e s ——————— -
INTERCEPT 0.11716
M e Al ————
MULTIPLE CORRELATION 0487804
""5TD. ERROR OF ESTIMATE Ge02227
e e e ———
ANALYSIS OF VARIANCE .FOR “THE REGRESSION
e SOURCE OF VARIATION DEGREES SUM OF MEAN F VALUE
OF FREEDOM SQUARES SQUARES -
"ATTRIBUTABLE TO REGRESSION 6 0.02671 0.00445 8.97588
» DEVIATION FROM REGRESSION . 16 0400793 0400049
u TOTAL 22 0403465

MULTIPLE REGRESSI

ONeoseeCO2CON

SENERAL AMERIDAN RESEARCH DINWVISION
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Table A-15

Comparison of Responses for

CO2 Removal Rate for Reduced Equation at Poo equal 3.8 mm Hg

2

__________ SELECTIONssswe L . ...
... . TABLE OF RESIDUALS . .. _
_CASE NOa.....__ Y. VALUE _.___ LY ESTIMATE .. .. RESIDUAL .

1 010000 0610073 -0.00073

2 04095Q0 Q008386 001113

3 007700 0.10073 =-0esU2373
R S 0408300 . ____0.08386 ____  _ =0s00086 _

5 0411600 0411261 0+00338
_______ 6 . 0s03000 0402523 __ 0.00476

7 0409200 Oell261 =~0e02061

8 0403800 0s02523 0601276

Q9 0.10800 0407726 - 003073
B Y T 0205000 ___..__._0s07726 ______ =0s02726

11 007800 0407263 0+00536
2 0402400 ¢ 0402588 __=0s00188

13 0414200 0411716 0402483

14 009100 Qell7l6 -0s02616

15 0415000 0.13088 0401911

16 0601100 0402663 -~001563 .

0.11716
«11716
11716
0411716 0.00183
0.11716 =0e02516
2 0611716 ~0e02016
23 0411600 0411716 =0.00116
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Table A-16

Results for Reduced Equation for

Water Loss at Pog. €qual 3.8 mm Hg
2

MULTIPLE REGRESSIONe s+ esCO2CON

SELECTIONssses 2

B AR TABLE- - MEAN--------- STANDARD -------~ CORREEATFON ~--= - REGRESSEFON-----~ §FBv-~ERROR- - == COMPUTED-
NO. DEVIATION X VS Y COEFFICIENT  OF REG.COEFe T VALUE

4 000000 0485280 =0437343 -0¢13187 0.0581l6 ~2426742

B e e i o e o s e e b el e e s e % A e e e et e et b a2 %S L S e e RS % A a8 4 e ke e e At Kt er e ek e e b et e e

Yoo INTERGERT- De+85879.- e e -

Beee e UL TIRLE. CORRELATEON - cmmenee e U .

# STD e -ERROR GF- - E ST IMATE - wne e 002 BBE e vem st o e e cim e ims e o e o+ e S e

Rl

s e s et e e e m e e b e e a e m e ot e R W mm e et MU ee e a e “ PP
R T Sm s e mmmrmm e a tm e i L s el % sk e R s e m e e e sk T T
e

DS e IR O EEIV RIS ANALYSTS- -OF ~VARTANEE - FOR - THE -REGREGSFON - -=rn e s m e e oo e

Prassases s SOYRCEOP- Y ARIATTON " FEGREES - SUM-QF s e M EAN e —fF=ALUE
OF FREEDOM SQUARES SQUARES
ATTRIBUTABLE TO REGRESSION 2 0491290 Ceb5645 Be43366
S DEVEAT TON-FROM-REGRESSTON--- ==~~~ 4° e FI08245 - rmmae w0512~ B kbbb el

b TOTAL - 22 s g -GGy G i o e
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Table A-17

Comparison of Responses Tfor Water

Loss for Reduced Equation at Poo €ual 3.8 mm Hg
2

MULTIPLE REGRESSIONesseeCOZCON

SELECTIONeeess 2

CASE NOQO Y VALUE Y ESTIMATE RESIDUAL

TsrI000 Qe T8EG ~Osl6865--
2 0435000 0484240 =0e49240

B e Bremmemmenn 0089000 -~-verm- D 84240 -mmmmaneas 8004759 wmv
4 0440000 057865 -0e17865
13. k-3 e 2000 n‘='7QL= Oar B 0.8 65
6 0460000 0484240 ~0e24240

[ Feecmmmemnan B B e e Qe B84240 -~ e 26759-----
8 0460000 0457865 0+02134

R Bevmmmemmei 063000 --------- e s 0e03495-----
10 1420000 1412254 Qe07745

L & T ¢ - L T ¢ e iy’ g A 22 N o SR
12 050000 * 0626572 ~0e23427

B 13 -cinne e 3081000 e Qe BHETH - ommvnen e G48TP -~
14 0480000 0.85879 -0405879

e RS Attt G840 ~~omeaam By 8587Hmvennne =00 0187 -
16 1420000 085879 0434120

B A e L o L L A2 2o 12 e
18 100000 0485879 0614120

K el FQeecmnvoneaen 1-¢ 09600~ ~wenuamn Be85GFF - mmenans Qw3326
20 1.00000 0.85879 0414120

R et = EEEE SRR O¢38008-----mmnnn Qe B8589 Qv 44 FETB e
22 le13000 0485879 0427120

e L Y T
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Table A-18

Results for Reduced Equation for

Power at Poo €qual to 3.8 mm Hg
2

2 MULTIPLE REGRESSIONeesesCO2CON. .

SELECTIONeoseas 3

H e e oo e e e et <o ¢ e m £ £ e 2 e e £ 4 e e
L e e e mn e e e m et e e
 VARLABLE __  MEAN STANDARD ___ _ CORRELATION ___ REGRESSION ___ . STD, ERROR COMPYTED
NO. DEVIATION XVSY COEFFICTENT T OF REG.COEF. T VALUE
T 0.00000 0.85280 =0+61218 =15+52499 166612 =9.31802
18 0v60006™ T T O460302 T IOV TAE99 T I2VARGSY T TSI RS6a5 TR VAR I3
iy T 0v65565 L1455 T 0.859082 T 6. TI4HS T 087706 7065558
o DEPENDENT . e e e i e e -
(D SRS 12.83477_ . B 5 OO
.
o INTERCEPT

D MULTIPLE CORRELATI

,.5TDs ERROR OF ESTIMATE 4471251 o

Bl e it e e e e e e e e e e e e e M e % e e e o A i T = ek 2 e e e o =

T LY S TS O VARTANCE TFOR TTHE REGRESS TOR™ 7" e

: SOURCE OF VARIATION DEGREES SUM OF MEAN F VALUE

oo eeman e ccmmmemeeennen o QL FREEQOM SQUARES .. SQUARES

. ATTRIBUTABLE TO REGRESSION E S 3210060137 1103.46704 .. 49108825 .
DEVIATION FROM REGRESSION 19 421494830 22,20780

! TOTAL 22 3732434961
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Table A-19

Comparison of Responses: for Power

for Reduced Equation at Poo equal 3.8 mm Hg
2

MULTIPLE REGRESSIONeweeeCO2CON

SELECTIONseses 3

TABLE OF RESIDUALS

CASE NO,. Y VALUE Y ESTIMATE RESIDUAL
1 ' 8¢30000 TTLTL. 70330 T T TSR3 .403307
2 1260000 18405330 -5445330
3 13.60000 11.70330 7 7 71.89669
A 1100000 18.05330 —1eU5330
5 7010000 11070330 "4'60330
6 2700000 18405330  Be94669
7 810000 11470330 -3460330
8 1190009 18505330 = =6415330
9 8430000 BelH384 0el3615
10 14400000 Bael6384 583615
11 1400000 Rel6384 5483615
17 1670000 Bel6384 853615
13 5430000 8416384 =2486384
14 8480000 8e416384 0e63615
15 6640000 397169 242831
16 6350001 66.07167 242834
17 5450000 8416384 | =2466384
18 8430000 B8el6384 013615
19 6450000 8e416384 ~1le66384
20 6470000 T8.16384 T T T2l 446384
21 870000 Bel6384 053615
22 9430000 TTBLV1638E T T Tl e13615
23 8460000 8e16384 Ds43615
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APPENDIX B
INSTRUMENTATION
AND

EQUIPMENT
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INSTRUMENTATION AND EQUIPMENT

The following instrumentation and equipment was used to, control, read;:
-and record the:various parameters eneountered, in the program.

B.1 Temperature

Type T (Copper-Constantan) thermocouples were used for all temperature
measurement except for the four dial thermocouples which are built into the
GAT-0~SORB system for measuring the tempersture of the liquid entering and
exiting each of the two absorbent beds. The thermocouples sensing the tempera-
ture of the gas at the inlet of the fan in the GAT-0-SORB system, and the tem-
perature of the gas leaving the absorbent bed were read out and recorded on a
Bristol Dynamaster multipoint recorder (range -50° to +150°F). Other thermo-
couples which sensed the temperature inside of the absorbent beds, temperature
of the chamber, and temperature of the coolant at the inlet connection to the
GAT-0-SORB system were read out and recorded on a Daystrom-Weston model 6702
multipoint recorder (range 0-300°F). The temperature of the gas entering the
GAT-0-SORB system was controlled at S50°F by passing chamber air through a
gas-liquid heat exchanger. The air entering‘the heat exchanger varied from 65°
to 80°F. The temperature of the gas leaving the heat exchanger was controlled by
the temperature of the glycol-water solution which passed through the liquid
side. This liquid was recycled through a refrigeration unit outside of the
chamber.

The temperature of the water flowing to the absorbing bed’s’ ihternal heat
exchanger was 50°F. This liquid left the absorbing bed and was heated with
an electric cartridge heater to 180°F and flowed to the bed being regenerated.

A Penwal thermostatic switch turned the elechric hester on or off.
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B;E Déw Point

The dew point of the gas entering or exiting the GAT-0-SCRB system
was sensed with a Cambridge Systems Model 992-Cl hygrometer. This sensor
has a type T thermocouple output which was read out and recorded on the same
Bristol recorder used for recording temperatures. A three way solenoid valve
was used to control the sample point, i.e., inlet gas or outlet gas. The dew
point of the gas entering the GAT-0-SORB system was controlled by passing
chamber gas through a gas-liquid heat exchanger to condense excess moisture and
lower the dew point to 45°. The temperature of the liquid flowing through the
heat exchanger controlled both the dew point and the temperature of the gas
leaving the heat exchanger.

B.3 Vacuum for Regeneration

A Precision Scientific Model 150 vacuum pump (5.3 cfm free air) was
used to evacuate the bed in the regeneration mode. A mercury manometer
indicated the absolute pressure of the regenerating bed and a Matheson
Lab-Stat controller was used to open or close a solenoid valve in the line
between the vacuum pump and the chamber. This controller has a dielectric
sensor attached to the mercury manometer. Thus changes in the level of
mercury were tfansmitted.to the controller. Also two dry ice-acetone traps
were placed in series in the vacuum line between the solenoid valve and the
chamber. These traps prevented moisture from reaching the vacuum pump and
provided a method of measuring the amount of moisture lost from the sorbent
during regeneration.

B.4 Chamber Pressure

After the chamber was evacuated to the specified operating pressure of

360 mm Hg, the pressure was maintained at this level with a trim pump that
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corrected for in-leakage. Generally in-leakage ranged from 20 to 30 scfh. The
trim pump used was a Speedaire model 1Z943 (free air 1.9 cfm). A Barksdale
Model D1H-H18 DPressure-Vacuum switch was used to open or close a solenoid valve
in the line between the trim pump and chamber. A Bprague model 175 gas meter
was used to measure the amount of gas that the trim pump removed from the
chamber. Therefore the amount of CO2 removed could be calculated.

The pressure within the chamber was readout on a Wallace-Tiernan

absolute pressure gauge, model FA 160 (range 0-800 mm Hg).

B.5 Carbon Dioxide Concentration

The concentration of carbon dioxide within the chamber and fed to the
GAT-C-SORB system, and the concentration of carbon dioxide leaving the GAT-
0-SORB system which indicates how efficiently the absorbent performs, were
measured with MSA LIRA infrared analyzers (Model 300).

The signal from the LIRA which measured chamber 002 concentration was
sent to a Leeds/Northrup model "H* AZAR #ecording c'ontroller. When the CO2
concentration fell below the set-point, the controller opened a solenoid valve
between the 002 supply and the chamber.

The signal from the LIRA which measured the 002 concentration at the
exit of the GAT-0O-SORB system was sent to a Bausch and Lomb strip chart recorder.

B.6 Carbon Dioxide Cas

The purity of the carbon dioxide fed to the chamber was 99.5 percent.
The amount of 002 used was measured with a wet test meter which was pre-
saturated with CO2 to prevent errors due to CO2 absorption in the water within
the meter.
B.7 Power

A1l electrical power for the GAT-0-SORB system was measured with a watt-

hour meter. Alsoc a ammeter was used to indicate periods of peak power demand
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when the water heater was turned on. The ammeter also indicated the proper
functioning, based on current output, of electrical components such as the
blower and the heatber.

B.8 Gas Flow

The amount of alr which is blown through the absorbing bed was measured
with a Sprague model 1000 gas meter that was placed inside the test chamber.
Thus measured flows are at chamber pressure rather than standard conditions.

B.9 Coolant Flow

A Dwyer rotameter and a needle valve were used to read and control water
flowing to the heat exchangers in the absorbent canisters. The calibration also

was checked during each run with a graduated cylinder and stop-watch.
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APPENDIX C

EXPERIMENTAL TEST PLAN
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The Box-Wilson central composite design was the test plan specified for
the experimental evaluation of the GAT-0-SORB system. The composite design
consists of a factorial design which yields only linear relationships plus
additional tests for the determination of second order effects.

In a central composite design a point exists at the center of the
factorial design and "2K" addition tests for determination of second order
effects (called star points) are symmetrically located around the center point
where K equals the number of independent wvariables.

A non-central composite design is used only if the results of the factorial
design suggest that a point of maximum is closer toyone factor combination than
it 1s to others. In this case K extra points will be tested around the factorial
poinﬁ suspected to be near a maximum point.

The central composite design yields the regression coefficients for a
guadratic polynomial expression. Additional tests are run at the center point
of the design so that the standard error can be determined and is uniformly
distributed between all test points.

C.1 Degigns Used

The GAT-0-3ORB system was operated under two design test plans. The first
was with a fixed 002 partial pressure of 7.6 mm Hg. Under these conditions,
the composite design was made up of a 16-test full two level factorial for
i variables, plus 8 star points, and 7 center points for a total of 31 tests.

The second test plan was run with a fixed 002 partial pressure of 3.8 mm Hg.
The composite design consisted of 8 tests for a 1/2 replicate two level factorial
design for 4 variables plus 8 star points, and 7 center points for a total of
23 tests.

C.2 Method of Data Analysis

The relationship between the independent variables and the responses is

GENERAL AMERICAN RESEARCH DIVIBION

6l



determined as a polynomial in the form

2 2 2 2
= +
Y BO + Ble + BEXé + B3X3 + BMXM Blle + B22X2 + B33X3 + Bthu +

B12X1X2 + BlBXlXS + Blhxlxh + B23X2X3 + Bguxgxu + B3hX3XM

The quantity Y is the performance characteristic of the system such as
CO2 removal rate; the "B" s are the coefficients which are to be determined and
the X's are the independent variables of cycle time, precool time, .
flow, or air flow. Only first and second order terms are considered signi-
ficant. Higher order terms are neglected. The coefficients are determined
by Titting the data to a multiple linear regression.

First the independent variables are put in a "coded" form. The advantage
of putting the dependent variables in coded form is that the equations are
easier to work with because only plus or minus integers and zero are used for
independent variables.

The following coding equations were used in this program:

_ A-30

Xl‘ 10

where Xl is the coded value for cycle time, and A is the measured cycle tinme
in minutes, 30 18 the cycle time in minutes at the center of the design, and

10 is the difference between levels of cycle time.
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where Xé is the coded value for precool time, and B is the measure precool
time in minutes 3.0 is the precool time at the center of the design, and 1.5
is the difference between levels of precool time

Cc-3

X30= T

where X3 is the coded value for water flow, and C is the measured water flow
in gal per hour, 3 is the water flow at the center of the design, and 1 is

the difference between levels of water flow,

D-10
X = T3

where XM is the coded value for air flow, and D is the measured air flow in cfm,
10 is the air flow at the center of the design and 2 is the difference between

levels of air flow. The coded values of the independent variables are summarigzed

in Table 3.
TABLE C-1. CODED VALUES FOR INDEPENDENT VARIABLES
Coded Value +2 +1 0 -1 -2
Cycle Time, minutes 50 Lo 30 20 10
Precool Time, minutes 6.0 4.5 3.0 1.5 0
Water Flow, gph 5 L 3 2 1
Air Flow, cfm 14 12 10 8 6
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The matrix of coded X values and the corresponding Y vectors which
are the measured responses are listed in Tables C-~2 and C-3 for the corresponding
test plans. Then least squares estimates of the coefficients are chosen so as
to minimize the sum of squares of deviatlons between the data points and the
estimated response surface.

These least squares estimates can be derived by (l) solving simultaneous
normal equations, (2) by use of matrix algebra in which a matrix for the
normal equations, the vectors, and an inverse matrix are calculated or (3)
by using a digital computer.

A computer solution was used for this program to minimize the time
required to utilize test data. In addition the computer program furnished
estimates of standard error, t values of the significance of each coefficient,

and a comparison of the estimated and measured responses.

C.3 Test Program at p(,o2 = 7.6 mm Hg
The central composite design for tests run at pCOg equal to 7.6 mm Hg
is summarized in the array in Table C-2. This table shows the coded values
of the independent wvariables and the measured responses of the three dependent
variables. The X. column always has the value (+1) and is used to determine the

0

constant of the regression equation.

C.4 Test Program at Ppo2 = 3.8 mm Hg.

The central composite design for tests run at P002 equal to 3.8 mm Hg
is summarized in the array in Table C-3. This table shows the coded values
for the independent variables and the measured response for the dependent

variables.
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Test
Yo

WV N Fw e

+1
+1
+1
+1
+1
+1
+1

.

+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1

Cycle Time
Min,

+ 1 4+ 1 4+ 14+ 1 o+ 1 4+ 0+ 1 1o+
S R R e R o L I I = T = ; P

O O O O O C O O 0O o O o o

TABIE C~2 CENTRAL COMPOSITE DESIGN

for Tests at Poo = 7.6 mn Hg

X ARRAY CODED SCAIE

45

Precool:Time Coolant Flow

-1
-1
+1
+1
-1
-1
+1
+1
-1
-1
+1
+1
-1
-1
+1
+1

o
oS

O O O 0O O O O O 0 O o©
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X3

gph

=1
-1
-1
-1
+1
+1
+1
+1
-1
-1
-1
-1
+1
+1
+1
+1

+ 1
A\VIRAV]

O O O O O o O o ©
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2

%y
Air Flow
cfm

-1
-1
-1
-1
-1
-1
-1
-1
+1
+1
+1
+1
+1
+1
+T
+1

o O o O O ©O

+2

N

© O O O o O O

¥y

002 Rate
1b/hr

0.30
0.19
0.26
0.21
0.33
0.17
0.20
0.1k
0.20
0.16
0.10
0.13
0.23
0.16
0.22
0.17
0.075
0.15
0.13
0.17
0.007
0.15
0.13
0.19
0.20
0.17
0.18
0.17
0.13
0.11
0.15

Y RESPONSES

Y2

HQO Loss
1bH,0/10C0,,

0.32
0.61
0.50
0.70
0.48
.96
0.43
0.26
0.67
o.l1
0.40
0.62
0.33
0.48
0.37
0.67
0.38
0.65
0.70
0.66
0.52
0.39
0.70
0.71
0.24
0.61
0.85
0.65
0.90
0.96
0.64

I3

Power
lewhr/1bCO,

2.0
3.8
2.5
3.2
2.9
6.1
3.4
7.3
3.6
h.1

12.0
L.L
2,1
6.1
4,7
6.0
7.1
6.1
6.8
5.2

57.1
T4
6.5
5.0
h.5
3.5
5.0
5.6
6.6
5.1
5.7



Test
No

62
68
66
6h
63
77
67
65
71
72
56
Th
sl
55
59
75
53
57
61
70
73
76
78

+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1
+1,
+1
+1
+1
+1
+1
+1
+1

X

Cycle Time
Min.

+1
-1
+1
-1
+1
-1
+1
-1

O O O O O O

+2

o O O O O O ©

TABLE C-3 CENTRAL COMPOSITE DESIGN

for Tests at Pop = 3.8 mm Hg

X ARRAY CODED SCALE
% %3
Precool Time Coolant Flow
Min. gph
+1 +1
+1 +1 .
-1 +1
-1 +1
+1 -1
+1 -1
-1 -1
-1 -1
0 "0
o] +2
[ -2
+2 o]
-2 0
0 0
(o} 6]
0 [}
o] 0
0 [o]
o] [o]
[ 0
0 [o]
0 o]
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Xy
Air Flow
cfm

+1
-1
-1
+1
+1
-1
-1
+1
+2

t

O O 0O OO0 0 O O O O o0 O o

N

CCb Rate
1b/nr

0.100
0.095
0,077
0.083
0.116
0.030
0.0%
0.038
0.108
0.050
0.078
0.024
0.1k2
0.091
0.150
0.011
0.155
0.108
0.138
0.119
0.0%
0.097
0.116

Y RESPONSES

%

H2O Loss
1bH,0/10C0,

0.k
0.3%
0.89
0.40
0.57
0.60
1.11
0.60
0.63
1.20
0.22
0.50
0.81
0.80
0.84
1.20
1.00
1.00
1.09
1.00
0.38
1.13
0.65

3

Power
kwhr/1bC

8.3
12.6
13.6
11.0

7.1
27.0

8.1
11.9

8.3
1.0
1k.0
16.7

5.3

8.8

6.4
68.5

5.5

8.3

6.5

6.7

8.7

9.3:

8.6

%



C.5 Polynomial Expressions

The computation of the coefficients for polynomial expression was done
by the least squares method. The coefficients are used in the equations shown
in Table C~4 and C-5. These equations are in the coded form and must be used
in conjunction with the coding equations shown in section C.2, Also the equations
in Tables C=6 and C-7 should be considered applicable only within the coded range
of +2 to =2. No estimate of accuracy 1s established for values outside of this
range. The coefficients shown in Tables C-6 and C-7 are shown to 3 significant
figures because the measured values were reported to two or three significant
figures. The extra figures shown in the computer printout in Appendix A are of
no significance.

"L.3.6 Reduction of Equations to Simpler Form

The polynomial equations in Tables C-L4 and C=5 include all first
and second order terms whether or not they are-significant. All terms of
order three or more are assumed to be insignificant. In order to further reduce
the number of terms in the equation, a "t" test was applied to each coefficient.
From the “t" test terms can be eliminated if their effect is not greater than
the effect of random errors at a specified confidence level. Normally a 95
percent confidence level 1s chosen.

The central composite design which contained a 1/2 replicate factorial
design, i.e., the tests run at a 3.8 mm Hg CO2 level has 8 degrees of freedom,
23 tests were run and 14 regression coefficients plus 1 constant were determined.

At the 95% confidence level and with 8 degrees of freedom, the "t" value

must exceed 2.306 in order to be significant. This critical value of "t can

CENERAL AMERICAN RESEAMCH DIWVIBION

70



Table C-L4
Polynomial Equation for Responses

at Poo  Squal to 7.6 mm Hg

2
1b €O,
Y, o = 0,1657 - 0.0158 X, - 0.00874 X, + 0.0157 XB - 0.0137 %) -
0.00094 X 2 + 0.008L2 2 . 0.00944 X 2 . 0.01091 X 2, 0.014k1 X -
. 1 . X, . 3 . I . 1% -

@ 0.0120 Xlx3 + 0.0169 xleL - 0.00062 X2X3 + 0.00187 XEXLL + 0.0181 X3XLL

o .

g 1b 1,0

2 Yé 13_66; = 0.693 + 0.07291 X, - 0.0162 X, - 0.212 X3 - 0.0121 XLL -

» 2 2 2 2

% 0.0571 xl - 0.0158 X, - 0.0721 X3 - 0.00956 X, - 0.00687 XlXé +

3

fi .
. § 0.0194 xlxg - 0.024k xlxh - o.pu56 x2x3 + 0.0406 XE,XLF - 0.0156 XBXLL
= 3

@ y, BMT o _ 59 4 0202 X, + 0.400 X - 4.0L X, + 0.367 X, -

S 3 Ibco, ~ 7 ' 1 ‘ D ' 3 ' L

3 2 2 2 2

i 0.971 Xl - 1,12 X, + 5.4l x3 - 1.18 X, - 0.700 xlx2 +

4 .

g 1.06 XlX3 - 0.713 XlXLL - 0.275 X2X3 + 0.600 XEXLL - 0.838 XSXLL

2



el

NOISIAID HMOMYEESM NYDIHNBNY IYHaInNED

TABLE C-5
Polynomial Equations for Responses at

pC02 equal 3.8 mm Hg

0.118 + 0.0347 Xl + 0.0127 Xé + 0.0117 X3 + 0.01L5 Xu -

2 2 2 2
0.00969 xl - 0.00068 X, - 0.0171 X3 - 0.0101 %)~ - 0.00912 xlX2 -

o.0176~xlx

3 - o.,oo637;xlxlL + 0,00237 X.X. - 0.017k XEXM - 0,02262 XX

23 3L

0.893 - 0.0900 X+ 0.00249 X, - 0.0869 X3 - 0.1k2 Xh +

2 2 2 2
0.0119 X~ - 0.0418 X, - 0.153 X3 - 0.0143 X~ + 0.0212 X, X, +

0.0087h4 X1X3 - 0.136 xlxh + 0.0012kL géXB + 0.219 XEXh + 0.0137 X3XLF

7.66 - 15.5 xl-- 0.875 X, - 0.875 X, - 1.k xh +

3

6.79 xlg - 0.81k x22 +1.06 X.°

2
3 + 0,211 Xh - 1.5 X.X

1% *

2.75 X1X3 + 2.17 Xth - 2.22 X'2X3 + 12.3 XéXh + 1.15 X3Xh



TABLE C-6

Simplified Equations at 95% confidence level

Pog = 3.8 mm Hg
2
1b €O, . . )
1 ( — ) = 0.117 + 0.0261 X, + 0.0117 Xy - o.oo960'xl -0.0170 X, - 0.0100 X

1b H0 5

o ( ) = 0.859 - 0.132 X), - 0.148 x
1b CO ' 3

2

kwhr 2

¥y (lb C02) = 8.16 - 15.5 X, + 6.71 X, + 12.3 X, X,
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where A

i

TABLE C=-7
Simplified Equations Removed from Coded Form

pcdg = 3.8 mm Hg

95% confidence level

-0.6me 4+ 0,0139 A + 0.165 C 4 0.050 D - 0.000096 A2 - 0.0025 D2 - 0.00176 AC
+0.187 + 0.888 ¢ - 0.066 D - 0.148 02

238. - 5.576 A - 41.0 B - 12.3 D + 0.0671 A2 + 4.1 BD

Cycle Time, minutes
Air Valve Delay, minutes
Water Flow, gal/hr

Air Flow, cfm



be found in most statistics books. The values of "t" for the individual
regression coefficients are shown in the computer printout in Appendix A.

Simplified equations can be obtained by dropping the insignificant terms
from the equations; however a better method is to’select the terms whose "t"
values approach or exceed the critical "t" value of 2.306 and to refit the
data to these points by the sum of leasts :squares: methods. New regression
coefficients and new “t" values are obtained. The new coefficients give the
best fit for the terms used and the new "t" value reconfirm that the appropriate
term was chosen. The simplified equations for tests run at a 3.8 mm Hg 002
partial pressure are listed in Table C-6.

The simplified equations shown in Table C-6 are in the coded form for the
indepéndent variables. These equations can be combined with coding equations
given in section C.2 to yield the simplified equations in terms of the measured
independent variables. These are shown in Tgble C-7.

The results from the composite design that was run at a 002 partial
pressure equal to 3.8 mm Hg showed a high degree of correlation. This is
verified by the multiple correlation coefficient which ranged from 0.849 to
0.983 for the overall test design as shown in Appendix A. A multiple correlation
coefficient of 1.0 would signify perfect correlation. The multiple correlation
coefficients range from 0.676 to 0.942 for the reduced equations. Again the
F values verified the high degree of correlation.

The composite design run at a 002 partial pressure of 7.6 mm Hg showed

poor correlation. This is determined by the multiple correlation coefficient

which ranged from 0.61L4 to 0.741 and the low F values and low "t* values. The
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terms for Yl did not show significance until the confidence level was reduced
to 70 percent. The terms for Y2 showed only one significant term at the 90%

confidence level and the terms for Y3 showed only one significant term at the
95% confidence level. Therefore simplified equations were not determined for

the responses for the composite design at 7.6 mm pCO2°
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